For Reference 


NOT TO BE TAKEN FROM THIS ROOM 


Gx wpnis 
UNITASTTAIS 
AIBERTAEASIS 


> 


(i rn, 5 ee Th tone me he a a i Z ; 
Fe ha 7 ) y a 
- | | 


a 


hy ve at ie ith ' + ; a” f 

; 2 a ; ut : ‘ r 
i) eam Lat 
A Nuc Brit 4 i ay ak 


Fin ae 
naar 


ee 


) ae 


a ae 
= beat ae ia tg ll 

a * se aa 
4 firs, 


‘ira 


7 


den EStUSNeTeVeEyReoeiel ey SO Cher AS hes ERT A 


RELEASE FORM 


NAME OF AUTHOR Yanes Lewrs ICenvedy.. 


TITLE OF THESIS ary pPacr Pressvres ON 


MACerteCee Gnas, oe ; 
DEGREE FOR WHICH THESIS WAS PRESENTED ye ene, A 
YEAR THIS DEGREE GRANTED | Ph TES ie ce OR EOD TO OE 


Permission is hereby granted to THE UNIVERSITY OF 
ALBERTA LIBRARY to reproduce single copies of this 
thesis and to lend or sell such copies for private, 
scholarly or scientific research purposes only. 

The author reserves other publication rights, and 
neither the thesis nor extensive extracts from it may 
be printed or otherwise reproduced without the author's 


written permission. 


asset, eat 
as Sacre abi : 
renal AR 7 ; 


ass exeast sors HoH esas | 


eee CE an 


ee ee ey te ee etek >, 


a0 rT AHmrOr I aHT of f bose Wess el catrabies 


THE UNIVERSITY OF ALBERTA 


IMPACT PRESSURES ON WEDGE SHAPED PROBES IN A RAREFIED GAS 


= by 


JAMES LEWIS KENNEDY 


AGIHESLS 
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH 
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE 
OF MASTER OF SCIENCE 


DEPARTMENT OF MECHANICAL ENGINEERING 


EDMONTON, ALBERTA 
SPRING. 1973 


HOMARZIA GHA 23TONTe sTAUOARA 


33n030 BHT AT arwaMaupaA | 


3ongt92 30 AaTe 


THE UNIVERSITY OF ALBERTA 
FACULTY OF GRADUATE STUDIES AND RESEARCH 


The undersigned certify that they have read, and recommend 
to the Faculty of Graduate Studies and Research, for acceptance, 
a thesis entitled "Impact Pressures on Wedge Shaped Probes in a 
Rarefied Gas" submitted by James Lewis Kennedy in partial fulfil- 


ment of the requirements for the degree of Master of Science. 


ABSTRACT 


Experimental tests on wedge shaped impact probes were undertaken 
in a low density wind tunnel. The data obtained may be used to relate 
impact pressure readings to flow velocities in transition regime flows. 

The wedge probes are of constant width and length with a rectan- 
gular orifice. The effect of varying the orifice height and the wedge 
angle were examined. The range of static pressure is from 30 to 300 
microns and the Mach number range is from 0.1 to 0.4. 

The viscous correction was found to decrease as the orifice height 
is increased. For a fixed wedge angle, the results could be correlated 
using the Reynolds number based on the equivalent diameter of the probe 
orifice. The results are compared with the experimental results of 
Pollard for circular cylinder probes. The viscous correction was found 


to decrease as the probe wedge angle is increased. 
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CHAPTER I 
INTRODUCTION 


The Pitot tube is used to measure the total pressure of a fluid 
stream assuming that the fluid is brought to rest isentropically at the 
stagnation point, which is at the face of the Pitot tube. This is, 
however, only true if the effects of viscosity can be neglected. 

The problem at low Reynolds numbers is that the viscosity can no longer 

be neglected and thus the stagnation pressure on the face of the Pitot 
tube can no longer be assumed to be the total pressure of the fluid stream. 
For an accurate measurement of the stream velocity a correction for these 
viscous effects will have to be applied to the Pitot tube readings. 

There are three main areas of study in which viscous effects may 
significantly influence impact tube readings. The first area is where 
the size of the impact tube is very small, as in the measurement of 
velocities in boundary layers. The boundary layer is thin and the dimen- 
sions of the tube have to be small to make measurements within such a 
layer. The second is where velocity measurements are to be made in very 
viscous fluids such as lubricating oils or glycerine. The third is in 
low density gas flows with low Reynolds numbers. 

The main body of experimental and theoretical work, from the first 
experimental investigation of Barker [1] to the recent results of Pollard 
[2], have been concerned with the use of cylindrical probes with circu- 
lar cross sections. Some other shapes have been used, namely Homann's 
[3] use of spheres and circular cylinders placed transverse to the flow 


and MacMillan's [4] use of flattened cylindrical tubes. In a recent 
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2 
work measuring boundary layer flows at low density, Berard [5] used a 
wedge shaped probe. His reasons for doing so were that in measuring 
the boundary layer on a flat plate he required a spatial resolution 
of 0.004 inches and the long response time of a circular cylinder probe 
of such a diameter in a rarefied gas would make such a probe impractical. 

The practical possibilities of such a wedge probe due to its good 
spatial resolution and small response time make this type of probe ex- 
cellent for use in two dimensional, rarefied gas flows. It is therefore 
highly desirable that the viscous correction to a wedge probe be determined. 

The probe used here was symmetric rather than the asymmetric shape 
used by Berard because the asymmetric: shape is difficult to build and 
it would probably have about the same characteristics as a symmetric 
probe. This change enables one to vary the orifice size, at the front 
of the probe, with ease. As probe geometry has been shown to be an 
important factor in determining impact pressures, provision was made to 
vary the wedge angle and the height of the orifice at the front of the 
probes. 

The Reynolds number is important because the correction to impact 
pressure is an effect of viscosity. The Mach number will also be im- 
portant because the flow speeds are in the compressible range. Although 
various gases could have been used in order to vary the viscosity this 
was not done. Reynolds number changes were brought about only by chan- 


ging the density and velocity of the flow. 
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CHAPTER II 
THEORY AND LITERATURE SURVEY 


2.1 Classification of Flow Regimes 

Fluid flow is classified by three non-dimensional parameters, the 
Reynolds number, the Mach number and the Knudsen number. The flows 
dependent on Reynolds number range from the inviscid flow at infinite 
Reynolds number to the inertialess or Stokes flow at vanishingly smal] 


Reynolds numbers. The Reynolds number is defined [6] as, 


Re = pvd 


U 


when p is the density, up the viscosity, V a representative velocity and 
d a characteristic dimension. 
The Mach number is a measure of whether it is necessary to take into 


account the compressibility of the fluid and is defined [7] as, 


wi< 


where V is the velocity and a is the local speed of sound. 

The Knudsen number classification of the flow of a compressible fluid 
indicates whether the gas acts like a continuous fluid or acts in a manner 
dependent on the molecular nature of the gas. The Knudsen number is de- 


fined [7] as, 
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where A is the mean free path of a molecule and d is a characteristic 
dimension. 

The continuum regime is approximately defined as the regime where 
Kn is less than 0.1. The free molecular regime is defined as the regime 
where Kn is greater than the order of 1. The transition regime lies 
between the continuum and the free molecular regimes. 

It can be shown from the kinetic theory of gases that the viscosity 


of a gas is given by, 
u = 0.499 pc Xr 


where c is the mean molecular speed. 
The mean molecular speed c and the sound speed a are related by, 
V2 
=e (URS 
dace s( 
where y is the ratio of the specific heats of the gas. 


Combining these two express ions yields the results that, 


>» M 
Kn = 1.26vy' De 


From the above equation it can be seen that as the flow approaches 
the free molecular regime the Knudsen number gets larger, corresponding 
to a lowering of the Reynolds number and hence to the increasing impor- 


tance of the viscous forces compared to the inertia forces. 


2.2 Review of Theory 
From Euler's momentum equations for an inviscid fluid one can 


obtain Bernoulli's equation for a steady, incompressible flow, 
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2 
Ps = RE = 1/2 0 V 


where ie is the total pressure and Ee the static pressure. 
Using the isentropic flow relations one can obtain Bernoulli's 


equation for a compressible, isentropic flow [7], 


The impact pressure on a Pitot tube in such a flow is assumed to 
be equal to the total pressure, ee At low Reynolds numbers the viscous 
terms can no longer be neglected and the above equations are inadequate 
to Meceribe the impact pressure measured by a Pitot tube. 

No exact theoretical solutions for the effects of viscosity on im- 
pact tubes has been found so far. However, in the limiting case of low 
Reynolds numbers, Stokes neglected the inertia terms in the Navier-Stokes 
equations, and obtained the result that, for the case of incompressible 


flow over a sphere [6], 
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where Py is the impact pressure, V is the free stream velocity and r is 
the sphere radius. This is more conveniently expressed in terms of a 
pressure coefficient Cp. Cp gives the amount by which the impact pres- 
sure at the stagnation point exceeds the total pressure of the free 


stream, hence 


~ onlieet aie 
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where Rey is the Reynolds number based on the sphere diameter. 
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In 1936, Homann [3] studied the viscous flow around a cylinder and 
a sphere based on the application of the solution of the Navier-Stokes 
equations known as stagnation point flow. For the two dimensional case 
he found, 
Preind aae wy), 
where Gy) is the velocity gradient away from the stagnation streamline, 
y = 0, measured where this streamline enters the boundary layer around 


the body. 


For the three dimensional, axisymmetric case he found that 
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where es 


streamline enters the boundary layer around the body. 


is the radial velocity gradient measured where the stagnation 


The above two results were applied to the flow over a cylinder and 
a sphere respectively. On such blunt-nosed objects the boundary layer 
thickness at the stagnation point is small compared with the radius of 
curvature of the object and the boundary layer thickness can thus be 
determined using the boundary layer equations. 


The results obtained are that, for a cylinder, 
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Cp a ee ae es 
h/2 
Re, + 0.647(Re,) 


and for a sphere, 


ke 


Cp = —————————————__5 
1/2 
Rei + 0.643(Re,) 
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where Rey is the Reynolds number based on the diameter of the object. 
The next step in the analysis was made by Chambre [8] who made an 
allowance for the effect of compressibility. He found that for a sphere 
in a compressible fluid, 
2 
_ (12 - 2.109 M 
Cp = y) 
Re, + 0.643(Re,) 
while for a half spherical nose on a cylindrical tube he found that [9], 
2 


_ 14.5 - 3.647 M 
Re, + 0.643(Re WE 


d q) 

As Chambré points out these results are not applicable to measuring 
fluid flow in a rarefied gas due to the fact that the fluid ceases to 
act like a continuum and the basic equations are no longer valid. 

The problem of interpreting impact pressure readings in a free 
molecular flow has been tackled by Chambré and Schaaf [10] for the case 
of an open ended, flat faced, cylindrical impact tube. The assumptions 
made are that intermolecular collisions can be neglected both inside 
and outside the probe; the gas molecules striking the surface are diffu- 
sely reflected; there is no outgassing; the gas is in Maxwellian equi- 
librium, both outside the probe, while travelling with the macroscopic 
velocity of the stream, and inside the gauge volume where the pressure 
is measured; and a steady state has been attained. 

The impact pressure read by a probe in a rarefied gas will depend 
on the mass flux into and out of the tube. Using a tube of length L and 


radius r, the mass flux per second of free stream molecules with a speed 


ratio S entering the probe is given [11] as, 
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where X = exp(-S?) + SYr (lterf(S)), 

and cm is the most probable molecular speed. Similarly the mass flux 
per second of gauge volume molecules, where S = 0, returning up the tube 
is given by, 


yp hy 


ery 
W(L/r,S) ts defined as the probability that a molecule with speed 
ratio S will reach the opposite end of the tube of length L and radius 
r without returning to its source. Thus the mass flow from the free 


stream into the gauge volume is 
m, WCL/ as.) 

and the mass flow escaping from the gauge volume to the free stream is 
mM, W(L/r, 0) 


When a steady state is reached these two mass flows will be equal, 


and using the ideal gas law and the relation 
cm = V2RT 


it can be seen that 
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The probability W(L/r,0) was first calculated by Clausing and values 


of this probability are given in [12]. The probability W(L/r,S) was cal- 
culated by Schaaf and Chambré [10] to be, 
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W(L/r,S) = bw(L/br,0) - $C (Ej +2- PV ahy* J 
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where b = 1 +S. 
The effect of the mass motion was taken into account by assuming that 
the free stream molecules strike the walls a further distance from the 
tube entrance than molecules with no mass motion. The ratio of these 
distances was taken to be (1+S):1. 
In most cases the temperature of the gauge volume is the ambient 
temperature which, unless the gas is pre-heated, will be the gas stag- 


nation temperature To: For adiabatic flow one can write, 


and the expression for the impact pressure becomes, 


P Wye 
‘ Y eae 
As Enkenhus has pointed out [11] this expression is greatly simpli- 


fied when an orifice probe is used where L << r and W(L/r,S) = W(L/r,0) 


= 1. In this case the expression becomes, 


We 
pee (1+ Ths?) © [exp(-s°) + Sv (Iterf(S))] 
S 
2.3 Review of Experimental Work 
The first experimental investigation on the effects of viscosity 
on impact pressure readings was that of M. Barker [1] in a range of 


Reynolds numbers from 10 to 100, in water. She was able to show that 
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10 
for Reynolds numbers less than 60, the pressure coefficient, Cp, became 
positive by an amount that was no longer negligible. Homann [3] perfor- 
med some experiments on both cylinders and spheres in 011 between Rey- 
nolds numbers of 5 and 200. The results showed excellent agreement with 
the theoretical equations which he developed. 

The results of Hurd, Chesky and Shapiro [13] for an open ended, flat- 
faced, impact tube in various oils of different viscosities shows the 
expected effect of the pressure coefficient becoming positive for Reynolds 
numbers below 80. A hitherto unobserved result was noted that the pressure 
coefficient became negative between Reynolds numbers of 100 and 3000. This 
phenomenon cannot be explained by any of the theories so far presented. 

Later MacMillan [4] tried to duplicate the results of Hurd et al. 
but was unable to detect a negative pressure coefficient although he tra- 
versed a Reynolds number range from 30 to 2000. Also the pressure coef- 
ficient which he obtained was considerably larger than that of Hurd at 
the same Reynolds number, based on the outside diameter of the probe. 
However when the results are plotted using the internal diameter as the 
characteristic dimension the two sets of results are in much better agree- 
ment. This led MacMillan to believe that the viscous effects depended 
more on the internal diameter than on the external one. 

In a further set of experiments MacMillan [4] flattened the round 
probes making three probes with orifice width to height ratios of 3, 7 
and 11. These probes were tested over a Reynolds number range of 5 to 
800, the Reynolds number being based on the internal height of the ori- 
fice. Each probe gave negative pressure coefficients over part of the 


range of the test, with the pressure coefficient becoming positive 
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for the lowest Reynolds numbers tested. There was very good agreement 
between the probes with width to height ratio 7 and 11 which led Mac- 
Millan to believe that the results for these probes represented the 
limiting values for large width to height ratio. 

The experimental work was extended into the compressible flow 
field by Chambré and Smith [9] who tested their formula for the case 
of a cylindrical impact tube with a hemispherical nose. Comparing the 
actual mass flow through the nozzle of their wind tunnel with that cal- 
culated from the impact pressure distribution across the face of the 
nozzle they achieved a satisfactory agreement and concluded that their 
formula was valid over the range tested. 

In a series of tests on both source-shaped and flat-faced cylin- 
drical impact probes Sherman [15] showed that the flat-faced tubes had 
a lower pressure coefficient than the source shaped tubes at the same 
Reynolds number, based on the outside diameter. This was true for both 
subsonic and supersonic flows over a Reynolds number range from 2 to 
800. He also found good agreement between his results for source shaped 
probes and Homann's theoretical figures for spherical probes. 

Enkenhus [11] made a series of tests on open ended impact probes 
with a 10° chamber on the front. From his subsonic tests he was able to 
show that none of the viscous theories agree with his results below a 
Reynolds number of 3, based on the outside diameter. Below this value 
the measured pressure coefficient is lower than that predicted by the 
theories. His results span the range of Reynolds numbers from 10 to 0.1 
and even at this latter figure the pressure coefficient was far from 


reaching the values predicted by free molecular theory. However the 
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readings from orifice probes agreed well with the free molecular theory 
developed for them when the probes had Knudsen numbers greater than 6. 

A recent set of results on subsonic probes by Pollard [2] covered 
a larger portion of the transition regime than had ever been possible 
before, the results tending to the theoretical limits at both the free 
molecular and continuum ends. The probes used were flat-faced circular 
cylinders with an internal to external diameter ratio of 0.55 and a tube 
length to internal diameter ratio of 25. 

Pollard used thermal conductivity gauges to measure his pressures 
and calibrated these against a McLeod gauge. Having a large stagnation 
chamber he was able to measure the total pressure directly, and was able 
to demonstrate that there existed an isentropic expansion from the reser- 
voir to the test section. 

One important result obtained by Pollard was that, for his probes, 


the viscous effect could be correlated by the equation, 


33) 


I = 


Po lee 4 for Rey Soe 


ful 
Rey — 
In checking this result with the figures of Sherman for a flat-faced probe, 
it can be seen that Sherman's data obeys the above relationship to within 
4 percent. 

In the present investigation the total pressure cannot be measured 
directly and for this reason the flows must be calibrated against some 
other standard. The standard taken was a probe as used by Pollard with 


the empirical relation which he gives for it. This was chosen because of 


the simplicity of the formula and its agreement with other experimental 


st oe 
yrosis wslusfom seit ond dttw Faw bosrpe 2edorq sottiso mov 
2 tisdt ratssyp"evsdmun Me2buny bed 2sdorg ont natw mort Tot 


bevevos [S] -brstfod' yd 2edoiq stnoedue no et fueay FO toe tnecey A 


afdt2zoq nesd rove bert edt omtesy nolttensyt ont Yo Hotiveq sepIeh Ss 
gait ont tod 46 2timtl Isottstosdt sft 03 pntbast esfvesy afis- st0tsd 
aeTunyts beost-ss8!t 9719W be2u 2sdc1q SdT ebm muuntinoo bis ~sfuostom 


sdut s bns 22.0 %o otser s9temeth (sn1stxe of Tsnvetnt ns Avtw eaRnityS 
88 to obser tatsustb fervetat of ngpast 

27229719 2td Sweseem ot 28pusp yitvisoubnoo fsemrsnit boev bys fod. 
noftsnpst2 spiel s pntysH .opysp bossoM 6 Senisos s26nt bavevet {so brs 
fds 26 bis .yftoottb sweee7rg [stot ont svw259m ot olds zew sf ysdmed5 
-"9297 fit mov? notensqxs dtqorvsaset ms batetxs avott toda stevdenomeb oF 
) nottos2 Jos sit of Tov 

.28doyq 2td vot .tedt 26w bislfoo yd benfetdo +{yzox Inetyognr ane” 
-nofisups ont yd bedslsxyoo 9d bluoo s0337s euosety ene 


4 


E < af 107 shit tae a 
<ado1g bS26t-t6I% 5 yo? nemarl2 to 291wpt? ods ddiw tfu2cy etdd pntdosds nl 
nfdsiw ot atdenottsisy svods sit 2yedo steb 2e'nsmyvan2 tend nese od neo $f 
tesa § 

bew2sem sd sonne> siu229%q [stoi st notteptiesvat tns2e7q ont al 
smoz tenféeps betsidtfiss 9d teum 2zwolt ant noessx 27at yO? bas elavertb 
attw brsffod yd bse 26 adovq 6 26w nodsd bysbnst2z sit .bysbnste tedto 
Yo sauszed ngeorts lal 2iqT .3F vot esvtp on dotdw notssion Isotrtqme only 


{sdnamir2qx3. yanto ist Inemes1ps 2tf bns sfumot sit to ystotlqmte ofa 


Le, 
work. For other probe designs there is not sufficient data available 
to use them as a standard. Also the agreement, where it existed, be- 
tween theory and experiment did not go to a low enough Reynolds number 


to be of use in this investigation. 
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CHAPTER III 
APPARATUS 


3.1 The Low Density Wind Tunnel 

A schematic layout of the low density wind tunnel is given in 
Figure | and a photograph of the tunnel in Figure 2. The tunnel shel] 
is 24 inches in diameter and 6 feet long, it is constructed from 1/8 
inch stainless steel. The settling chamber is a 12 inch diameter stain- 
less steel cylinder 17 inches long fitted with removable nozzles at the 
entrance section. 

The system is pumped by two Edwards 18B4 0il1 Vapour Booster pumps 
which together can pump 5000 litres per second, these are backed by two 
Edwards ES 3000 mechanical pumps each capable of pumping up to 3000 cubic 
feet per minute. These latter pumps are also used as roughing pumps for 
the system. Between the tunnel and the vapour pumps there are baffle 
plates with a 4 inch diameter hole in the centre and 12 inch butterfly 
valves which are used to control the pumping speed. 

The gas being used is obtained from gas bottles and passed into a 
large storage tank at a few p.s.i. above atmospheric pressure, then 
through a valve to the flowmeters. The flowrate is controlled by a 
metering valve and the gas passes through a coil of 1/4 inch diameter 
copper tubing into a diffuser mounted inside the settling chamber. 

Schematic drawings of the two nozzles used in the wind tunnel are 
shown in Figure 3. The larger, 5 inch, nozzle was designed by Berard 
[5] to give a flow Mach number of 0.5 at the nozzle exit section at a 


static pressure of 100 microns for the maximum obtainable flowrate. 
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This nozzle was formed out of brass and has a 12 inch diameter flange 
which permits it to be mounted on the end of the settling chamber. 

The smaller 3 inch nozzle was designed to give the same Mach number 
range at about three times the static pressure obtainable in the larger 
nozzle. This nozzle was made of aluminum and fitted inside the larger 
nozzle. 

Each nozzle has a static pressure tap located 1/4 inch from the 
nozzle exit section. In the larger nozzle the static tap is a hole 
1/4 inch in diameter with a length of 1/4 inch 0.D. and 1/8 inch I.D. 
stainless steel tubing inserted in it. The tube is cut off flush with 
the internal surface of the nozzle and soldered in place. The smaller 
nozzle fits inside the larger nozzle and the static pressure tap is 
1/4 inch diameter hole with a length of 1/4 inch 0.D. and 1/8 inch I.D. 
stainless steel tubing inserted in it and cut off flush with the inside 
of the nozzle. A seal is made between the two static taps by a rubber 
'0' ring held between the two pieces of tubing, the tubing in the smaller 
nozzle being held firmly in place by a screw. 

The static pressure line is run from the larger nozzle through 
the 1/4 inch 0.D. tubing to a point outside the wind tunnel where it can 
be connected to the various pieces of instrumentation. 

The photographs, Figure 4, show the arrangement of a probe in the 
wind tunnel. The probe support is mounted from a movable flat plate 
which allows for movement in the axial direction. The plate is propelled 
from outside the tunnel by an electric motor operating through a mecha- 
nical seal, with a series of gear reductions. The arm which supports 


the probe is mounted on a vertical slider, with a scale marked on it, 
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16 
and on a long threaded rod. The probe can thus be traversed across 
the face of the nozzle by rotating the threaded rod through a rotary 
feed operated from outside the tunnel. 

Each probe is mounted on a 5 inch long sting made from 1/2 inch 
diameter tube. The impact pressure line consists of this sting, a 
length of 1/2 inch diameter tube, a 12 inch length of 1/2 inch diameter 
flexible tubing and a length of 1/4 inch diameter tubing running through 
the tunnel wall. The intermediate length of 1/2 inch tubing is connec- 
ted by rotatable seals to the sting and the flexible tubing. The seal 
at the flexible tubing end is constrained to move horizontally, this 
allows the probe to be moved vertically over large distances while the 
flexible tubing is moved only fractions of an inch. By having a small 
motion of the flexible tubing the stresses on the probe support arm are 


small and the probe alignment does not change as one traverses the nozzles. 


3.2 fhe Probes 

A drawing of the static pressure probe is given in Figure 5, this 
probe design is based on the recommendations made by Merriam and Spaulding 
[16] and used by Sherman [15]. Also in Figure 5 is a drawing of the im- 
pact pressure calibration probe. This is an open ended, flat-faced, 
cylindrical tube with an internal to external diameter ratio of approxi- 
mately 0.55 and a probe length to internal diameter ratio of 25 when 
mounted on the sting. The viscous correction to such a probe has been 
studied by Pollard [2] and his results were used in the calibration of 
the flows in the wind tunnel. 

An exploded view of a wedge probe is given in Figure 6, this parti- 


cular model has a wedge angle of 8°. The probes were symmetric wedges, 
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5 inches long and 5/8 inches wide, with wedge angles 8°, 16°, 24°, and 
32re 

The wedge bodies were cut from stainless steel plate and machined 
to the correct angle with a tolerance of 0.01°. The wedge was then 
machined to 5/8 inch and a 3/8 inch slot cut in it to a depth of 4 
inches from the apex. A hole was drilled and tapped, 1/8 pipe tap, 
in the base for connection to the probe support and impact pressure 
line. A ‘Vee' groove, 0.03 inches deep was cut in both top and bottom 
faces around the 3/8 inch slot in order to retain the epoxy glue. 

The top and bottom faces of the probe were manufactured from 0.020 
inch stainless steel shimstock cut in 5/8 inch strips. One end of each 
strip was then ground to an angle of 4°, 8°, 12°, 16° for the four 
respective wedge angles. The grinding was performed in a jig with the 
strip being sandwiched between two similar pieces of material. The 
grinding was continued until the sharpened edge was less than 0.001 
inch thick and with less than 0.001 inch deviation from a straight edge 
when viewed under a microscope. 

The two shimstock surfaces were joined to the wedge body by 'Torr- 
Seal' low vapour pressure epoxy resin which was placed in a continuous 
bead in the groove in the body. The glueing process was carried out in 
a jig which allowed the orifice height to be set at the desired value 
with feeler gauges. Any excess glue was removed from the probe. Figure 
7 shows some of the completed wedge probes along with the static pres- 


sure probes. 


3.3 Instrumentation 


A 'C.V.C.' McLeod gauge, a temperature compensated N.R.C. 801 
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thermocouple gauge and one side of an M.K.S. Baratron capacitance mano- 
meter were connected to the static pressure line as can be seen in Figures 
1 and 2. 

The McLeod gauge was connected to the static pressure line by a 
length of 1/4 inch 0.D. stainless steel tubing and was liquid nitrogen 
trapped. This gauge was used as the absolute standard to calibrate the 
thermocouple gauge. The thermocouple gauge head is mounted on the static 
pressure line through a short length of 1/2 inch 0.D. tubing. A digital 
voltmeter with a resolution of 0.01 millivolts was used to measure the 
Output of the thermocouple gauge. 

The capacitance manometer head was mounted with one port connected 
to the static pressure line and one port connected to the impact pressure 
line. The differential pressure was measured using the pressure read- 
out dials, which are a series of 3 decade switches and a potentiometer 
used to null the meter. By using a digital voltmeter the nulling process 
can be controlled accurately and a resolution of 0.05 microns can be ob- 
tained. 

Two orifice meters were constructed to measure the gas flowrate into 
the wind tunnel. The larger meter has a 1/8 inch diameter orifice in a 
6 inch long, 1/4 inch I.D. tube with the orifice 4" downstream from the 
tube entrance. The smaller tube has a 1/16 inch diameter orifice in a 
3 inch long, 1/8 inch I.D. tube with the orifice 2" downstream from the 
tube entrance. The pressure drop across these meters was measured with 
a Betz manometer with a resolution of 0.05 mm of fluid. The two meters 


covered the range of gas flowrate required. 
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A Fischer Scientific Flowmeter kit was used to calibrate the ori- 
fice meters. The kit uses a series of rotameters and can measure flow- 
rates over the range from 0.4 cc to 20 litres per minute. 

The stagnation temperature was measured by a thermocouple mounted 
on the diffuser in the settling chamber. The thermocouple was made from 
0.022 inch Iron-Constantan wire and the thermocouple E.M.F. read on a 


millivolt potentiometer. 


20 


CHAPTER IV 
PROCEDURE 


4.1 Static Pressure Gauge Calibration 

In the experiments required to determine the viscous correction 
to the wedge probes it is necessary to be able to set the static pres- 
sure in the nozzle at particular values. A McLeod gauge is therefore 
not suitable for the task of measuring the static pressure because of 
the time required to take readings. Hence a temperature compensated 
thermocouple gauge was connected to the static pressure line. 

The thermocouple gauge was calibrated against the McLeod gauge. 
For this the system was set up as in Figure 1 with both gauges connected 
to the static pressure line. The tunnel was pumped out with the booster 
pumps and the system flushed several times with the test gas. With the 
system pumped to its ultimate vacuum the McLeod gauge was outgassed 
using a soft flame. The butterfly valves were then closed and a smal] 
amount of test gas leaked into the system and the pressure allowed to 
stabilize. The stabilization took a few minutes and the capacitance 
manometer, with one side on the static pressure line and the other side 
connected to the inside of the tunnel, gave a good indication that the 
line and tunnel pressures had equalized. 

The thermocouple E.M.F. and the McLeod gauge readings were noted 
and more gas was introduced into the system and the process repeated. 
Thus a calibration was obtained over the range of pressures from 15 to 
350 microns. The calibration curve is given in Figure 8. The calibra- 
tion was performed in a temperature range from 78°F to 82°F and, con- 


sidering the magnitude of the pressures and the thermal compensation on 


tke 
9 oties2 1.8 


iodine: zh apusp bosJoM A. 2suTay dati ts afsson ont at vue 
Yo Seuposd siwezorxg ottste ond onweeem to Azst sav vO? ofdetiue tex 
betseneqmod siutsisqmes 6 sonsH .2pnibssy sxst of beviupsy omtd ont 
-ontT syu2estq ottes2 sft os bsdosnnoo 26 spuep siquosomenys 
.spu6p bosom ard tentsps batexdt{s> 2sw spusp slquooomans AT 
bssoonno2 eopuep fizod dttw f syupt? at 26 qu #92 26w maseye ot etds 107 
rsvzood sat Attw tuo beqmuq 26W fenns oft = .onti onvaeertg atiste sit oF 
oft aziW . dep Jed ait ndtw eemi3 Terayse bedeult meteye aft bee 2zqmuq 
bS2eepiuo 26w 1 Spusp boeoM ait muvosv stsmttiu ett-oF beqmuq matzy2 
ffsme 6 bab bs2olo not 979 2ovisv yitvettud ofT .smslt Itoe 8 patev - 
ot bawolls syu229%q ant bos msteye ond odnt bsdsel esp Jeary ¥6. tnvoms 7 7 
sonedtosgso ond brs 2etuntm wet 6 Aoot notdssilidete sAT .ostftdst2 i 
abte verso silt bis antl svweeesq ofdste odt fo sbtz ano Atiw 1esemonsm = 
oft Jeni notisatbot boop 6 svap ,fennus oft to sbrent ong og bag2ennoo. 
-bastTaups bed 2ovue2ong Tonnist bas ent 
beston s18w epatbsey spusp bosJoM odd bis .7.".3 sfquocomisdd ont 
-bateage1 229201g sf? bib mataye od ont booubortnt epieag snom bas 
ot a mort zanuaesnq 40 Spier art yevo bantstdo ew pevgaunipeee an 
-asdti Jet bi ucleegianetal ava notisydr ea dT | 


) 
the gauge, the temperature should not affect the readings from the gauge 


to any noticeable extent. 


4.2 Orifice Meter Calibrations 

Due to the small size of the orifice meters used, the usual standards 
could not be applied in order to find the relationship between the pres- 
sure head across the orifice plate and the flowrate through the nozzle. 
it was therefore required to perform an experimental calibration relative 
to a previously calibrated rotameter. 

The rotameter was inserted in the gas inlet line with its outlet 
connected, via a length of tubing, to the orifice meter inlet. A mano- 
meter was connected to the intervening length of tubing so that the pres- 
sure in the rotameter and orifice meter could be monitored. 

The system was pumped out with the roughing pumps and gas leaked 
into the system through the metering valve. The pressure in the inlet 
line could be adjusted using a leak valve situated on the storage tank 
outlet, the pressure being monitored on the manometer. It was thus 
possible to keep the pressure in the line at 700 mm of mercury to within 
0.2 percent. The temperature was kept between 78° and 82° for the dura- 
tion of the calibration. 

For several settings of the metering valve, readings of the orifice 
meter pressure head and the rotameter flowrate at 700 mm of mercury and 
80°F were noted. Calibration curves of the pressure head and (pressure 
head) '/@ versus the flowrate were drawn. This calibration was carried 
out for both orifice meters, and the calibration curves are given in 


Figures 9 and 10. 
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4.3 The Nozzle Calibrations 

A static pressure profile across the face of the nozzle was measured 
with the static pressure probe to find the relationship between the stream 
static pressure and that measured at the wall tap. The system was first 
pumped out with the booster pumps until the pressure registered by the 
McLeod gauge was below 0.1 microns. The capacitance manometer was then 
zeroed. At this low pressure it was necessary to wait for a period of 
about 5 minutes for the manometer reading to stop drifting. 

With the meter zeroed gas was allowed into the system through the 
metering valve. A series of tests at various flowrates and with various 
pumping speeds were carried out which covered the range required in the 
wedge probe calibrations. These tests showed that the static pressure 
at the wall tap was never more than 0.2 microns different from that 
measured by the static pressure probe in the centre of the nozzle. 

No axial pressure gradient was detected between 1/4 inch upstream 
and 1/4 inch downstream of the static pressure tap. In a traverse across 
the face of the nozzle, the static pressure remained constant up to with- 
in 1/2 inch of the nozzle wall where the probe began to read pressures 
lower than that at the static tap. This result could be expected due 
to the blockage effect of the probe as it approaches the nozzle wall. 

As the wedge probe calibrations were to take place in the centre 
of the nozzles at a position opposite the wall tap it was assumed that 
the pressure in the static pressure line gave the static pressure in the 
test area. The maximum error in static pressure reading was 0.2 microns, 
however the thermocouple gauge has a resolution of 0.3 microns and such 


changes would not show up on the static pressure gauge. 
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As the Reynolds number in the nozzle decreases, the boundary layer 
on the nozzle wall will thicken. There will be a certain Reynolds number 
below which the boundary layer will fill the whole nozzle and the velo- 
city over the cross section is distributed in the form of a paraboloid 
of revolution. A central core of uniform flow at least as large as the 
probe width is required for these tests. 

The cylindrical calibration probe was traversed across the face of 
the nozzle at several conditions of static pressure and flowrate, cover- 
ing the test range, to determine the size of the useful core. 

At large flowrates the boundary layer was thin and typically a 
sentral uniform core of 3 inches diameter in the large nozzle and 1-1/2 
inches diameter in the small nozzle were achieved. In the worst cases 
the uniform core in the large nozzle extended over a 0.1 inch radius 
with pressure drop of 0.2 microns at a radius of 0.3 inches. In the 
small nozzle no uniform core existed but the pressure drop was 0.2 
microns at a radius of 0.1 inches and 0.55 microns at a radius of 0.3 
inches. As the internal diameter of the calibration probe is 0.274 
inches and the orifice width of the wedge probe is 0.375 inches it was 
assumed that these probes would be in an essentially uniform core when 
on the nozzle centreline. 

Three parameters are required to describe the flow in the nozzle: 
the temperature, the static pressure and the Mach number. The total 
temperature was measured at the diffuser on the gas inlet line. This 
remains at the ambient temperature which was kept between 78°F and 82°F. 


With a particular flowrate through a nozzle, at a given static 


pressure there is a fixed Mach number on the nozzle centreline. The 
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nozzle calibration is performed to determine the relationship between 
this Mach number and the flowrate for a given set of static pressures. 

The impact pressure calibration probe was set up on the nozzle 
centreline with its face lined up with the static pressure tap and 
connected to the impact pressure line. The system was pumped out with 
the booster pumps until the static pressure was of the order of 0.1 
microns and the capacitance manometer was zeroed. With a known flow- 
rate set up by the metering valve and read on the orifice meter, the 
pressure in the nozzle could be set at some desired level by operating 
the butterfly valves to the pumps. At each desired static pressure 
the system was given several minutes to stabilize. The nozzle static 
pressure and the impact pressure as measured by the capacitance mano- 
meter were noted. This process was repeated for several flowrates 
and for both nozzles. The results were then transformed, using the 
viscous correction formula given by Pollard [2], into a corresponding 
Mach number at the static pressure involved. 

The results of this calibration are presented in Figures 11 and 12, 
these give the centreline Mach number at various nozzle static pressures 
as a function of the volumetric flowrate through the nozzle. Figure 11 


refers to the large nozzle and Figure 12 to the small nozzle. 


4.4 Test Procedure 

Each probe was in turn mounted on the supporting sting with the 
probe orifice at a point, in the centre of the nozzle, opposite the static 
pressure tap. The tunnel was pumped out to better than 0.1 microns and 


the capacitance manometer was zeroed. The required condition of static 
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pressure and Mach number was then set up and readings of the static pres- 
sure and impact pressure noted. The static pressure was checked several 
times by the McLeod gauge and in all cases the thermocouple gauge gave 
an identical reading. 

When the tests using one nozzle were completed, the other nozzle 
was substituted and the procedure repeated as before. The results noted 
are the average of three readings taken at each condition. The largest 
difference between two readings on the capacitance manometer at any 
particular condition amounted to 12 percent at most. 

When the tests with the probe axes aligned with the nozzle centre- 
line were completed, the probe with 8° wedge angle and 0.004 inch orifice 
height was yawed at 4° to the stream, i.e. with one side parallel to the 
flow, and readings of static and impact pressures noted for the range 
of conditions required. This is done to check the effect of using an 


asymmetric probe shape. 
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CHAPTER V 
DISCUSSION 


5.1 Theory and Previous Experiments 

It has been clearly shown by all experimenters in this area of 
Study that below Reynolds numbers of about 50, based on probe diameter, 
the inviscid equations of motion do not predict the impact pressures 
on a probe. The development of solutions to the problem using boundary 
layer theory are limited to a Reynolds number range of greater than 20. 
This is due to the basic assumption made in developing the equations 
that the boundary layer thickness remains thin with respect to the 
characteristic dimension of the body. However the results of Sherman [15] 
for a source shaped tube, and Homann [3] for a spherical probe agree to 
within 10 percent with the theoretical values of pressure coefficient 
for a sphere, down to a Reynolds number of 5. This is probably the 
limiting value of Reynolds number for which boundary layer theory will 
give useful results. 

The characteristic dimension used in work with a circular cylinder 
placed transverse to the flow is the diameter of the cylinder. Treat- 
ing the wedge as a two dimensional object of infinite width the charac- 
teristic dimension would be the height of the front face of the probe 
j.e. the orifice height. Basing the Reynolds number on this dimension 
the experiments are limited to a Reynolds number below 3 and boundary 
layer theory would not be expected to yield a valid solution in the range 


of these experiments. 


Approaching the problem from the free molecular end it has been shown 


ry rie = . 7 ‘aa 
by 3s Ae : 
: ! 


to save atrt ni reson 198 iis te tao one 
iesometh edorg no baded .02 duods 40 eradniun 2bfonyss wofed aor? ybute 
zenue2o4q Josqmt ett totbevg ton ob notvon to enottsups broatvat om 
wiébnuod pnteu msfdovg sit ot anotiuloe ta dnsngofaveb aT .sdo7q 5 ‘0 
08 nails sets970 to spre, “ednun abronyeh : of battmtt ss yroodd aoyst 
enotieups Sit pifFqofeveb nt sbsm natsansies steed sdf oF aub et 2tiT 
six oF t99q257 att nit ant siiey 2zensotdt says! yrabnuod ont tng 

fet] msmved2 +0 23 Tues elt yavewoH .\ybod att ¥0 notensmtb otvetietos sro 
oF 99795 cath Later i 6 10t FE} noanoh brs. .sdut heqsile gowoe s ot 
snatottte00 ieee 30. 2oufsv (aot texoans edt ath treo1eq of nit tw 
ait yidsdoig a etaT = .¢ FO yodmun: ablonyos 6 oF nwob ,srsdqe 6 4107 


[fiw yvrosnt syst rive dottiw yor Yedaun ebfonysh to oulsy pnts tmt f . 


.2tfuesr [uteeu svip 
vabat iyo netuovts 5 dttw dvow nf heey Morenemth oft2iregosyéda st. 


-isaiT .vebnriys oft to 1s38merb oft 2t wort aft oF getevens1? beoslq | 


-o6y6no sid ddd tw as inttat to sien Tenotznenth ows 6 26 spbew srt uot 
adoig aft t0 s06t tnoxt ont to tdofed old ad bi vow not enemtb otiehat 


nvienanth 2tit no -yadmun 2bfonyst aft ipntzs® .irpted sotttvo oft .9.t 


wrabaived ane € watad yodmun ebfonyal s ot bettmt! avs zdnamiveqxs ott 
sar ah nt Roh tuton on 8 WFAN 0% bedveqxe sd ton bluow yroerds vayst 
i | . ztnamtisqxs szett to 

pal set wateeng 48 gitscamre: 


ra 


by Chambré and Schaaf [10] that the important dimensions are the inter- 
nal dimensions of the tubing which connects the gauge volume to the 

free stream. In order to analyze the problem free molecular flow must 
exist in this tubing. The criterion for this is that the Knudsen number 
must be greater than 1. However, in the experiments of Eukenhus [11] 

it appears that a Knudsen number of greater than 6 is required to ensure 
free molecular flow. 

The minimum pressure on the probes being tested is 30 microns which 
corresponds to a mean free path of 0.065 inches. While this corresponds 
to a Knudsen number of 16 with respect to the orifice height of the 
smallest probes; it is not known to what extent the other dimensions, 
especially the probe width, will influence the onset of fully free 
molecular flow. 

The probes will thus be in the transition regime at all times in 
the experiments and there is no satisfactory theoretical model for this 
regime. So far the only results for the transition regime are experimen- 
tal ones. The results of Sherman [15] ranging from the continuum to 
the transition regime and the results of Pollard [2], for a similar 
probe, which cover the transition regime showed excellent agreement. 

The careful control of the experimental method and the repeatability 
of the results lead one to suppose that the relationship found by Pollard 
for such a probe is valid over the Reynolds number range from 3 to 30. 


This empirical relationship is used in the calibration of the nozzles. 


5.2 Apparatus 
The wind tunnel as it stands suffers from the disadvantage, from 


the point of view of this work, that there is no stagnation chamber up- 
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stream of the nozzle where a direct measurement of the total pressure 
can be made. With the 3 inch diameter nozzle the contraction ratio 
from the settling chamber to the nozzle throat is only 16:1 which is 
not sufficient to ensure zero velocity in the settling chamber. It is 
for this reason that the nozzles have to be calibrated with the flat- 
faced cylindrical probe. 

The nozzles functioned adequately giving good agreement between 
the static pressure at the centreline and at the wall tap. The central 
core of uniform flow was wide enough to contain each probe tested. One 
problem which arises from using a probe 0.5 inches in diameter in a 3 
inch diameter nozzle is that of the blockage effect. There is no lite- 
rature on the subject of blockage in low density wind tunnels, nor on 
the problem of an object in the interface between an open and a closed 
tunnel as is the case at the nozzle exit section. However one can ob- 
tain an estimate of the blockage factor from subsonic wind tunnel data 
as given by Rogers [17]. The maximum blockage effect yields a drop of 
less than 0.5% in the static pressure reading and a rise of less than 
1.5% in the value of the Mach number. Such small changes were neglected 
as they were within the magnitude of the error in measuring these two 
quantities. 

In order to use the capacitance manometer, which is mounted outside 
the tunnel on the static pressure line, a length of about 3 feet of 
tubing was required between the wedge probe and the manometer. This 
length of tubing was expected to give a problem as the response time of 
such a length of tubing is quite long. In changing the pressure of the 


system by about 20 microns, by operating the butterfly valves, it was 
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found that the static pressure thermocouple gauge reached equilibrium 
in about 15 seconds while the capacitance manometer took about 1 minute 
to stabilize. This was found to be true with any of the probes on the 
impact pressure line and it is concluded that the response time of an 
orifice is much less than that of the connecting tubing. 

All probes were connected to the impact pressure line by a 1/8 pipe 
tap connection to the supporting sting. To ensure that the top and bot- 
tom surfaces of each wedge probe were sealing adequately, the probes 
were broken down into their constituent parts and the seal examined, 
after the experiments had been performed. In each case the epoxy glue 
was seen to have sealed adequately and the orifice at the leading edge 
was the only opening between the tunnel and the impact pressure line. 

The capacitance manometer was used to measure the difference be- 
tween the smpact and static pressure because better resolution of the 
pressure difference could be achieved than by using two thermocouple 
gauges. Consequently the velocity and viscous corrections can be more 
accurately determined. The thermocouple gauge is adequate to measure 
the static pressure as the resolution of this gauge is within | percent 
of the smallest reading used. For pressures below 30 microns another, 
more accurate means of measuring the static pressure is necessary. 

When adjusting the air flowrate into the tunnel the metering valve 
was able to control the flowrate to within 0.1 mm of water on the Betz 


manometer used with the orifice meters. 


5.3 Preliminary Calibrations 


The thermocouple gauge calibration was carried out with and without 
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liquid nitrogen in the McLeod gauge cold trap. There was no distin- 
guishable difference in results with liquid nitrogen cold trapping. 
The results are shown in Figure 8. This calibration is repeatable 

to within 2% over the range of 30 to 300 microns but below 30 microns 
the calibration is not so reliable. In the range 30 to 300 microns 
radiation effects on the thermocouple gauge should be negligible espe- 
cially as the gauge is temperature compensated. 

Both orifice meters were calibrated against the flowmeter kit and 
the results presented in Figures 9 and 10. In both cases the meters 
were seen to obey the general law that the flowrate is proportional 
to the square root of the pressure head across the orifice plate. Be- 
cause of the small pressure head the effects of compressibility can be 
neglected. 

The nozzle calibrations showed that the wall tap gave the nozzle 
static pressure to within 0.2 microns of the value recorded by the 
static pressure probe. This could be due to error in the capacitance 
manometer or to some small viscous effect to the static probe. In either 
case the error is negligible. 

The check on the radial impact pressure gradient justifies the 
assumptions that the probes are in a central core of essentially uniform 
flow. Over a central core of radius 0.2 inches the maximum drop in im- 
pact pressure was 0.2 microns which amounts to a drop of less than 5 
percent in the velocity across the core. The probe orifice is 0.375 in- 
ches wide and, allowing for error in positioning the probes, the probe 


will be in a constant velocity stream to within 5 percent. 
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The results of the calibration of the two nozzles for the Mach 
number on the centreline at a given flowrate and static pressure are 
given in Figures 11 and 12. The calibration is limited in that the 
maximum flowrate through the tunnel is limited to about 5.8 litres per 
minute at atmospheric pressure, and it is limited at low velocities 
and pressures in that the Reynolds number of the calibration probe 
has to be greater than 3 to use the viscous correction formula. The 
design of the nozzles and the pumping capacity of the booster pumps 
limits the maximum Mach number obtainable to about 0.45 in the larger 
nozzle. The maximum test Mach number was taken as 0.4 as this value 
could be reached over a pressure range from 30 to 160 microns. 

The flowrate through the nozzle determines the Mach number at a 
particular static pressure. The flowrate could be controlled to within 
0.1 mm of water on the Betz manometer which corresponds to a Mach number 


change of less than 1.3 percent. 


5.4 Results on Wedge Probes 

The calibration curves of the ratio of impact pressure to total 
pressure versus the Reynolds number, based on the probe orifice height, 
are given for each probe tested in Figures 13 to 19. These curves are 
for the case of the probe axis aligned with the flow direction. 

The results, Figures 13-16, show that the viscous correction in- 
creases as the orifice height is reduced. With the 0.004 inch orifice 
height, Reynolds numbers of 0.024 were reached but, even at this low 
value, the free molecular limit was not approached. From the results 


obtained it cannot be seen where the free molecular limit begins and it 
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must be concluded that the width of the probe orifice has a considerable 
effect on retarding the onset of free molecular flow. At the other end 
of the transition regime the results for the 0.108 inch orifice height 
show a definite trend to approach the inviscid continuum value for the 
impact pressure. At Reynolds numbers greater than 5 for flow Mach 
numbers of less than 0.4 the error in ignoring the viscous effect is 
less than 3 percent. For all probes the correction was positive, and 
negative corrections as noted in [4], [13], and [15] were not encoun- 
tered. The probes with 0.013 and 0.014 inch orifice heights gave 
viscous corrections between those of the largest and smallest probes. 

It is desirable to have one characteristic dimension for calcu- 
lating Reynolds numbers which will correlate the results of all the 
probes with the same wedge angle. Various combinations of the dimen- 
sions of the probes were tried in order to find this dimension. The 
dimension which most successfully correlated the results was the 
equivalent diameter of the orifice defined by, D = (orifice area x ajny'/2, 
Figures 20 and 21 show the viscous corrections for all four probes with 
a wedge angle of 8° together with the results given by Pollard [2] for 
a round probe plotted against the Reynolds number based on the equivalent 
diameter. 

The results show that the equivaent diameter can correlate the 
data with a fair degree of success. At a Mach number of 0.4 there is 
the greatest amount of scatter in the results especially between the 
data of the probes with orifice heights 0.108 inches and 0.042 inches, 
with the smaller probe giving larger corrections. This trend can be 


seen in all four curves drawn in Figures 20 and 21. 
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The experimental results agree fairly well with the results given 
by Pollard [2] for a round probe, basing the Reynolds number on the 
probe diameter. As the response time of a probe will depend to some 
extent on the area of the probe orifice one may expect from these results 
that a wedge probe would have a response time of the same order of that 
of a round probe with the same orifice area. The response times of the 
probes could not be determined accurately in this experiment due to the 
length of the impact pressure line. 

The effect of a change in orifice height on the 8° wedge probe is 
presented in another form in Figure 22. This Figure compares the results 
of wedge probes with those of a flat-faced cylindrical probe of diameter 
equal to the wedge probe orifice height. It can be seen that the wedge 
probe gives a much lower pressure correction than the cylinder for a 
given Reynolds number. This is in agreement with MacMillan's results 
[4] where flattened tubes had lower viscous corrections than the circu- 
lar cylinder tubes, the correction dropping as the width to height ratio 
was increased. This lowering of the viscous correction as a body be- 
comes more two dimensional is in qualitative agreement with the 
theoretical and experimental results of Homann [3] who showed that the 
correction to a cylinder transverse to the flow is less than that on a 
spherical probe. 

This result can be used to great advantage when velocity readings 
are required with small spatial resolution, as in measuring the velo- 
cities in the boundary layer. The wedge probe with orifice height h will 
give a much smaller viscous correction than a circular cylinder probe of 


diameter h. The viscous correction to the wedge probe may become 


amoz eae piace ean cvsssmer dong 
ediuasy saedd mov doaqxs YEM SiG satt bro sdoxg. add to sets. ad NO 3maIXe 
jad? Yo 4ab40 amb2 sis To omit senoges4 5 svsit bivow sdong sgbew ® 3843 
eit %o gamtd setioqzsy sit .s976 SoiTino Smée aft ddiw odo bravo § to 
ait of sub tnaminsqxo eidt af ylodsiwoss bentirassb 9d Jon bios esdorg 
-snbt sxwezang tosqmt oft to dopant 

ef sae apbaw °8 edt no tipo aattive nt gonsi2 5 to Jastte ont . 


eftfuest oft 2571 6qm09 equpra etdT .SS svwert ni mot vodtons of bainses tg 
astometh to sdow feotabativo haost-s+eIt soto szorls dsiw eedovqg epbow to 
opbow sit tend nade sd nso ST siptan gattino edong spbew. sda, 03 [supe 
5 VOT tabnt iyo silt fant nokinetios steesyG yswo! doum 6 eavip sdow 
a) Tyson 2'nsitiNoeM natw dnameatoe of et 2tAT .rodmun! 2bfomgal nevig 
.yorto sd aedt enotsoe too euosety yYewot ben eadus bonsdte{t ovedw [8] 
offen tripten of itbtw sfd 26 entggorb notdssrio2 sri? ,2adus nobathye tei 
-3d: ybod 6 26 naftoeri03 2uooztvisit to pftrewol erat -bsesotont e6w 
oiit_dgtw anamasigs avtssit sup nt et [anotensmth ond stom eamae 
sit ted beworle ofw [EO] nnsmod to atfyasy feinomiyeqxe brs (soldovosdt 
s no sett asdt z2zot~et wolt 4dt of Servaverisnt vebutlyo 5 of notioavie> 
dong fsotenqe 

2pnibset: iain iad rami seagp Gt bezv ad: nse dfyzen efeT 
~atay eit untawenon, tes 26 «not 2uigeey Istteqe (Teme (tw bexhopsy oe 
Phew a atigtsit ania tio dttw pabbew aiT vous! wrsbhyod od at 2absto 
ro sion sta taiwan! « ; Maiide1"9> euooety yelfsme dou 6 svte 
anra38d sm dong sii _O3 noljost6> zugsety saT 4p edemeth 


34 
negligible which would considerably simplify the reduction of data from 
such impact pressure readings. 

MacMillan [4] noted that his flattened probes with width to height 
ratios of 7 and 11 gave very similar viscous corrections. No such 
result was observed in this set of experiments with wedge probes. The 
width to height ratios of the orifices used were 3.74, 8.93, 28.9 and 
93.8. 

An attempt was made to find an empirical relationship between the . 
ratio of impact to total pressure and the ratio of Mach number to Reynolds 
number, as had been found by Pollard for cylindrical probes for Reynolds 
numbers greater than 3. Figure 23 shows such a relationship for the 8° 
wedge probe with an orifice height of 0.108 inches for points with a 
Reynolds number, based on the orifice height of greater than 1.2. The 
relationship is ig tdi = 0.99 + 0.53 M/Rey . 

This relationship suggests that in the limit as one reaches high 
Reynolds numbers the impact pressure becomes lower than the total pres- 
sure. It is therefore doubtful if the relationship can be extrapolated 
outside the range of Reynolds numbers tested. 

A linear relationship, such as this, could not be found for any 
of the other wedge probes tested. The reason for this could be that 
only the largest wedge probe came close enough to the continuum regime 
to act thus. This is in agreement with Pollard's [2] results as they 
also are only valid close to the continuum regime. 

The effects of changing the wedge angle on a probe with an orifice 
height of 0.004 inches is shown in Figures 13, 17, 18, 19. This shows 


that the viscous effect decreases as the wedge angle is increased. This 
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result could be explained from a continuum approach by noting that such 
an angle increase tends to make the nose of the probe more blunt and 

the effective radius of curvature of the nose would be increased. If 
this is an important dimension of the probe, the Reynolds number of the 
probe will rise as the angle is increased which would give a lowering of 
the impact pressure. 

In an attempt to examine the effect of the angle change on the 
viscous correction the values of PaaPa were found for each condition 
of static pressure and Mach number. The ratios of Pane a for each probe 
to aigelle for the 8° wedge probe, under the same nozzle conditions, was 
calculated. Although there is a fair amount of scatter in the results, 
no discernable trend in this viscous correction ratio could be found 
with either the pressure or the Mach number of the stream. The statis- 
tical average and standard deviation of the viscous correction ratio 
were then calculated from the data for each probe and these results are 
presented in Figure 24. This curve shows the definite trend in the 
readings for the viscous correction to decrease as the angle increases. 
With a standard deviation of approximately 3% of the mean value for 
all the probes the results are fairly consistent bearing in mind the 
scatter in the original data. 

By increasing the wedge angle by a factor of 4, from 8° to 32° the 
corresponding average drop in viscous correction is about 20%. This 
effect does not appear to be very useful as, to gain this small drop 
in viscous correction, the probe size must be increased drastically. 
This bulkier probe can be expected to give rise to a blockage problem 
and the corresponding internal dimensions could be expected to give a 


larger response time. 
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The results from the test on the 8° wedge angle probe with a 0.004 
inch orifice yawed at an angle of 4° to the free stream were not plotted 
as they are substantially the same as in the case of the same probe at 
O° yaw. This can be seen clearly from the table of results, Appendix 
A. The difference in viscous correction between the two sets of results 
was never more than 7.6 percent. 

From this test it can be seen that a yaw angle of 4° on the 8° 
wedge probe gives no appreciable change in impact pressure. This allows 
the probe calibration to be used when the probe has one side parallel 
to the flow direction. This is of use when measuring the boundary layer 
on a flat plate as the probe orifice can be moved right up to the plate 
surface. 

The scatter in the data of the above test is of the same magnitude 
as that obtained in comparing the effect of wedge angle. This +8 percent 
reflects the accuracy with which the viscous correction can be determined 
with this particular setup. There is therefore some room for improvement 
in the calibration of these wedge probes. Having to set up the same con- 
ditions of static pressure and flowrate for each probe tested undoubtedly 
leads to error when the exact values are not reproduced. This error could 
be overcome by setting up the flow conditions once and then inserting the 
probes into the flow in turn. This involves some problems in transferring 
the impact pressure line to each probe in turn. A stagnation chamber, 
where the total pressure can be measured, would enable an absolute cali- 
bration to be made and any errors involved in using a calibration probe 


could be removed. 
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CHAPTER VI 
CONCLUSIONS 


Wedge probes were calibrated to show viscous corrections for a 
range of pressures from 30 to 280 microns and for a range of Mach 
numbers from 0.1 to 0.4 in air. The results are plotted as a function 
of the Reynolds number, based on the orifice height. 

The viscous correction decreases as the Reynolds number increases, 
as expected. In the Reynolds number range of the tests the probes were 
never in the free molecular regime nor in the inviscid continuum regime, 
although the results for the probe with the largest orifice height appears 
to approach this latter limit. 

The viscous corrections to the 8° wedge probes were correlated by 
the Reynolds number based on the equivalent diameter of the probe orifice. 
The results, when plotted thus, agree with results given by Pollard [2] 
for flat-faced circular cylinder probes. 

The viscous correction to wedge probes with a particular orifice 
height has been shown to be substantially less than that for a flat- 
faced cylindrical probe of a diameter equal to this orifice height. This 
result is of use in taking velocity readings where small spatial resolu- 
tion is required, as in boundary layer measurements for example. 

An increase in the probe wedge angle was found to cause a decrease 
in the viscous correction. Due to the scatter in results the exact 
nature of this relationship could not be determined but a trend does 
exist. 

No change in viscous correction was found on an 8° wedge probe with 


a 0.004 inch high orifice when the probe was yawed through 4°. Thus such 
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a probe, when placed with one side parallel to the flow, as in boundary 
layer measurements, will have the calibration given in Figure 13. 

The wedge probe has some distinct advantages over flat-faced, 
cylindrical probes when measuring flow velocities at low Reynolds 
numbers. This thesis provides the calibrations for some wedge probes 
over a limited range of Mach numbers and Reynolds numbers. 

In order to achieve better results it is recommended that some 
method of introducing several probes into a fixed, uniform stream be 
developed. Also a stagnation chamber, where total pressure could be 
read would be useful. 

Tests over a wider range of Reynolds number and probe geometry 
would be useful in that it would be helpful if the entire transition 


regime could be covered. 
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Photograph of Low Density Wind Tunnel 


FIGURE 2. 


B4 


‘ YIS 


9IZZON “BIG ¢ 
49 


“€ ayNDIs 


: sissoK ci@ © - 


ecixsew ef: to gniwss ottemento? eg ZARUDTS 


FIGURE 4. 


Photographs 


of 


Test 


Section 


B5 


B6 


S@qo0ig uol}elqies euinsselg 


}9edw} pue einsseig 2313815 ey, "S aundia 


Sq0ig = uoljeiques eunsseig yoeduy| 


@qOld ainsseldg 931381S 


' : de, adi 
"2! 090-0 aqnt TEA 020-0 eL adig 8 
1d ft 
paseds Ajjenbz sajoy g 
PeY Ze, 1 
©: 


ioeqet bas stvansTd olteté ont .2 aAUarS 
gedovi nofisidite> s1uss0sS 


By 


2q0iq s6pem jo Suimesq pepojdxy 


°9 3uNDId 


dey adig A ¥ 


B8 


Photograph of Probes 
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FIGURE 24. Viscous Correction Ratios as a 
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